Female mice lacking p47 phox have altered adipose tissue gene expression and are protected against high fat-induced obesity. Physiol Genomics 45: 351-366, 2013. First published March 12, 2013 doi:10.1152/physiolgenomics.00148.2012.-The current study was designed to determine if the NADPH-oxidase NOX2 plays a role in development of obesity after high fat feeding. Wild-type (WT) mice and mice lacking the essential cytosolic NOX2 system component p47 phox (P47KO mice) were fed AIN-93G diets or high-fat diets (HFD) containing 45% fat and 0.5% cholesterol for 13 wk from weaning. Fat mass was increased to a similar degree by HFD in males of both genotypes (P Ͻ 0.05). However, female P47KO-HFD mice had no increase in adiposity or adipocyte size relative to female WT-HFD mice. Resistance to HFD-driven obesity in P47KO females was associated with increased expression of hepatic TFAM and UCP-2 mRNA, markers of mitochondrial number and uncoupling, and increased expression of hepatic mitochondrial respiratory complexes and whole body energy expenditure in response to HFD. Microarray analysis revealed significantly lower expression of mRNA encoding genes linked to energy metabolism, adipocyte differentiation (PPAR␥), and fatty acid uptake (CD36, lipoprotein lipase), in fat pads from female P47KO-HFD mice compared with WT-HFD females. Moreover, differentiation of preadipocytes ex vivo was suppressed more by 17␤-estradiol in cells from P47KO compared with cells from WT females in conjunction with overexpression of mRNA for Pref-1 (P Ͻ 0.05). HFD mice of both sexes were resistant to the development of hyperglycemia and hepatic steatosis (P Ͻ 0.05) and had reduced serum triglycerides, leptin, and adiponectin relative to WT-HFD mice (P Ͻ 0.05). These data suggest that NOX2 is an important regulator of metabolic homeostasis and diet-induced obesity.
THE FAMILY of NADPH oxidase (NOX) enzymes is a major source of reactive oxygen species (ROS) utilized in many cell types for redox-based signaling pathways (19) . Seven mammalian Nox enzymes (NOX1-NOX5, Duox1, and Duox2) have been described (19) . Of these, NOX1-NOX3 consist of a membrane embedded heterodimer (a flavocytochrome oxidase and p22 phox ) and a number of cytoplasmic regulators that are recruited to the membrane on enzyme activation and that are essential for NADPH oxidase activity and ROS generation (19) . In the case of the best-described NOX enzyme, NOX2, these regulators include the small GTPase Rac, bound to GTP, and the GTP-dependent target proteins: NOX activator p67 phox and the adaptor protein p47 phox (19) . NOX2 was originally characterized as the mediator of host-defense action in phagocytic cells such as macrophages and Kupffer cells present in adipose tissue and in the liver (6, 11, 19) . However, NOX2 has more recently been reported to be present in a wide variety of other adipose tissue cell types including preadipocytes, differentiated mature adipocytes, and endothelial cells (23, 28, 36) . Another NOX enzyme, NOX4, which is constitutively active and does not require complex formation with cytosolic regulators for ROS formation (19) , has also been found in adipose tissue, predominantly in mesenchymal stem cells and preadipocytes (13, 17, 36) .
It is well known that there is low-level inflammation associated with the development of obesity (18) . However, the relationship between inflammation, oxidative stress, NOXdependent ROS and redox signaling in adipose tissue, and regulation of adipocyte differentiation and hyperplasia in response to high-fat feeding is not well understood (7) . Expression of NOX2, p22 phox , p40 phox , p47 phox , and NOX4 has been shown to be increased in adipose tissue and vasculature of genetically obese mice and mice with diet-induced obesity (7, 23, 25, 39) . In addition, NOX4 has been shown to be elevated in adipose tissue from humans with extreme insulin resistance and in obese Pima Indians compared with lean subjects (18, 26) . In vitro studies with mesenchymal stem cell lines and preadipocytes suggest that NOX4-dependent ROS signaling is a switch responsible for inhibiting insulin-induced preadipocyte proliferation while stimulating adipocyte differentiation. In addition, NOX4 expression was shown to be reduced during adipocyte differentiation (13, 17, 36) . However, more recent in vivo studies in NOX4-deficient male mice have demonstrated increased whole body energy efficiency and predisposition toward diet-induced obesity, insulin resistance, adipose tissue inflammation, and hepatic steatosis (21) . These data suggest NOX4 is actually an antiadipogenic master regulator of metabolic homeostasis and that its upregulation in obese adipose tissue might represent a defensive mechanism to limit adipose tissue expansion (21) . In contrast, less is known with regard to the role of NOX2 in adipogenesis and obesity. One report suggested that male mice with inactive NOX2 as a result of p47 phox deficiency are protected against high fatinduced adipose tissue inflammation and systemic insulin resistance (43) . Another recent study linked induction of p47phox mRNA expression in differentiated adipocytes in vitro by the obesity-associated ETS transcription factor PU.1 with ROS generation, activation of the MAP kinase JNK, and inhibition of insulin signaling and cytokine production (23) . p47 phox expression in hepatic parenchymal cells has also been linked to development of alcoholic steatosis (20) .
Here we investigated the adipogenic response and metabolic phenotype of male and female mice with genetic ablation of the Ncf1 gene, which encodes p47 phox (P47KO mice) fed either a control semipurified AIN-93G diet or a typical high-fat "Western" diet (HFD) containing 45% fat and 0.5% cholesterol during early development. Our data demonstrate that in the absence of p47 phox , male mice were resistant to high fat feeding-induced hyperglycemia and hepatic steatosis. However, P47KO female mice were also leaner than wild-type mice; were resistant to high fat-induced obesity; had increased energy expenditure associated with increased mitochondrial respiration, altered adipocyte differentiation and lipogenesis; and had suppressed adipokine production.
MATERIALS AND METHODS

Mice and diets.
The experiments received prior approval from the Institutional Animal Care and Use Committee at the University of Arkansas for Medical Sciences. Time-impregnated female wild-type C57BL/6 (WT) and C57BL/6J-Ncf1 M1J /J (P47KO) mice were obtained from Jackson Labs (Bar Harbor, ME). Dams and litters were housed in polycarbonate cages in an Association of Laboratory Animal Care-approved animal facility in an environmentally controlled room at 22°C with a 12 h light/dark cycle and fed standard rodent chow ad libitum throughout pregnancy and lactation. At weaning (postnatal day 28), male and female WT and P47KO pups (n ϭ 10/group) were fed ad libitum with a semipurified control AIN-93G diet formulated with casein as the sole protein source as previously described (32) , for 13 wk (AIN-93G). Additional groups of WT and P47KO male and female pups (n ϭ 10) were fed a high-fat "Western" diet (Harlan Teklad TD88137) containing 42% fat energy, mainly from milk fat ϩ 0.5% cholesterol also made with casein as the sole protein source for 13 wk (HFD). Body weights were recorded on a weekly basis. Food intake was recorded daily for 7 days after 1, 4, and 12 wk on diet. After 11 wk on diet, blood glucose and insulin values were determined in submandibular blood drawn after an overnight fast. Also after 11 wk on diet, P47KO mice were placed in metabolic chambers for 48 h using the Complete Lab Animal Monitoring System (CLAMS) to assess energy expenditure (EE) and respiratory exchange ratio (RER) (Columbus Instruments, Columbus, OH). EE and RER data from the final 24 h was utilized for conversion into percent relative cumulative frequency (PRCF) values as described previously (2) . After the mice were killed, serum, liver, and retroperitoneal fat pads were collected and stored at Ϫ70°C until use.
Body composition analysis. Body composition was assessed via whole animal NMR (Echo Medical Systems, Houston, TX) performed in conscious unanesthetized mice (37) and by postmortem dissected weights of retroperitoneal abdominal fat pads. Adipose tissue histomorphometric analysis was carried out as described previously (37) . Retroperitoneal fat deposits (in 3-4 mm pieces) were fixed in buffered alcoholic formalin for 4 days and embedded in paraffin. Sections (6 m) were stained with hematoxylin and eosin. Diameters of adipocytes were measured under a Zeiss Axiovert microscope (Carl Zeiss, Thornwood, NY) with Zeiss Vision software. A minimum of 300 cells at random were measured for each slide, and the percentage cells in each size range was computed with MS Excel (Microsoft, Redmond, WA).
Biochemical analysis. Serum nonesterified free fatty acids (NEFA) were measured using the NEFA C kit from Waco Chemicals (Richmond, VA). Serum triglycerides were measured using triglyceride reagent (IR141; Synermed, Westfield, IN). Triglyceride was extracted from whole liver homogenates with chloroformmethanol (2:1, vol/vol) and analyzed using triglyceride reagent (IR141, Synermed). Serum glucose concentrations were measured using glucose reagent (IR071-072, Synermed). Serum insulin and leptin concentrations were measured using ELISA kits from Linco Research (St. Charles, MO) according to manufacturer's protocols. Serum adiponectin concentrations were measured using an ELISA kit from B-Bridge International (Sunnyvale, CA) according to manufacturer's protocols. Liver mitochondrial protein extracts were prepared using a Mitochondrial Isolation kit for Tissue (Pierce, Rockford, IL), and immunoblotting was performed for oxidative phosphorylation complexes I-V (MitoSciences, Eugene, OR). Mitochondrial numbers were estimated indirectly by realtime RT-PCR analysis of expression of the mitochondrial transcription factor mtTFAM mRNA. Expression of the uncoupling protein UCP-2 mRNA was analyzed by real-time RT-PCR (2) .
Adipose tissue gene expression analysis. Gene expression profiles from the retroperitoneal abdominal fat pads of female WT and P47KO mice were assessed using GeneChip Mouse Genome 430 2.0 microarrays (Affymetrix, Santa Clara, CA) containing 45,000 probe sets, with ϳ39,000 transcripts and variants. Total RNA was extracted, and three pools were prepared from each treatment group, each pool generated from n ϭ 3-4 different fat pads. The intensity values of different probe sets (genes) generated by Affymetrix GeneChip Software were imported into GeneSpring version 11.5 software (Agilent Technologies, Santa Clara, CA) for data analysis. The data files (CEL files) containing the probe level intensities were processed using the robust multiarray average algorithm, for background correction, log2-transformation, and quantile normalization of the perfect match probe level values (30, 31) . For comparison analysis, genes were filtered based on minimum 1.5-fold ratio change and P value Յ 0.05 using Student's t-test followed by Benjamini and Hochberg false discovery rate. Features were classified using hierarchical clustering with Euclidean distance. Visualization of data was accomplished using GeneSpring GX v11.0.2. Known biological functions of genes were queried and acquired from Affymetrix online data analysis resource NetAffx and gene ontology (GO) analyses performed using Affymetrix GO Browser (31) . Analysis of genes mapped to biological pathways was conducted using Affymetrix NetAffx and GO analysis for biological/ molecular function performed using GeneSpring using false discovery rate of P Ͻ 0.1 (default for Gene Spring) (31) . Furthermore, the lists of genes with significantly different expression in fat pads from WT AIN-93G vs. P47KO AIN-93G mice, WT AIN-93G vs. WT HFD, P47KO AIN-93G vs. P47KO HFD, and WT HFD vs. P47KO HFD were analyzed using DAVID to perform functional annotation. This analysis included identifying top interacting networks based on gene databases from the known literature as described previously for other mRNA data sets (31) . Confirmation of microarray gene expression data was done by real-time RT-PCR.
Real-time RT-PCR. Total RNA was extracted from livers and retroperitoneal abdominal fat using TRI reagent and cleaned using RNeasy mini columns (Qiagen, Valencia, CA). RNA quality was ascertained spectrophotometrically (ratio of A260/A280) and also by checking ratio of 28S to 18S ribosomal RNA using the RNA Nano Chip on a 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). Total RNA (1 g) was reverse transcribed using the iScript Reverse Transcription kit (Bio-Rad Laboratories, Hercules, CA) according to manufacturer's instructions. The reverse transcribed cDNA (10 ng) was utilized for real-time PCR (RT-PCR) using the 2X SYBR green master mix and monitored on a ABI Prism 7000 sequence detection system (Applied Biosystems, Foster City, CA). Gene-specific oligonucleotide probes were designed using Primer Express Software (Applied Biosystems) ( Table 1) , and the relative amounts of gene expression were quantitated using a standard curve according to manufacturer's instructions and normalized against expression of 18S rRNA.
Western blot analysis of protein expression. Western blots of whole tissue homogenates were utilized to confirm effects of P47 phox genotype and HFD feeding on mRNAs at the level of protein expression. PPAR␥ and CD36 protein expression was determined in female mouse adipose tissue using gonadal fat pads and methods previously described (31, 38) . Expression of lipoprotein lipase (LPL) protein was analyzed in gonadal fat pads using a monoclonal antibody from Abcam (ab21356). Expression of target proteins was normalized against total protein loaded based on Amido black staining of whole lanes.
Isolation of stromal vascular cells and ex vivo differentiation. Stromal vascular (SV) cells were isolated from adipose tissue taken from chow-fed WT and P47KO female and male mice at age 6 wk (n ϭ 5/group) using collagenase digestion as previously described (40) . SV cells were plated in 12-well plates (3 ϫ 10 5 cells/well) and cultured for 7 days with or without estradiol (1 nM), and adipogenic differentiation was induced in 2 days postconfluent cells by supplementation of MDI (0.5 mM methyl-isobutyl-xanthine, 0.5 M dexamethasone, and 10 g/ml insulin) in differentiation medium (DMEM ϩ 10% FBS). The MDI supplemented medium was replaced with medium containing insulin (10 g/ml) alone on day 2, followed by medium without supplementation from day 4 to 8. On day 8, cells Data are means Ϯ SE (n ϭ 10 mice/group). Average food intake during experimental feeding period (kcal/day/kg); Body weight at sacrifice (g); Weight gain as % of initial body weight; wt of abdominal fat pad as % body weight. WT, wild-type mice; P47KO, p47phox Ϫ/Ϫ mice; AIN-93G, fed AIN-93G diet; HFD, fed high-fat/high-cholesterol diet as described in MATERIALS AND METHODS. Means bearing different letters differ significantly by diet within genotype P Ͻ 0.05, a Ͻ b, means bearing different symbols are significantly different by genotype within diet, * Ͻ †, P Ͻ 0.05 based on 2-way ANOVA followed by Student-Neuman-Keuls post hoc analysis within each sex.
were stained for lipid droplets using oil red O. Oil red O-positive cells were counted, and total RNA was extracted for RT-PCR analysis of mRNA expression as described above.
ROS production in SV cells isolated from fat pads of WT and P47KO mice. Basal and phorbol 12-myristate-13-acetate (PMA)-stimulated hydrogen peroxide production was measured in SV cells freshly isolated from the retroperitoneal abdominal fat pads of 6 wk old mice using the Amplex Red hydrogen peroxide/peroxidase assay (Invitrogen Molecular Probes, Eugene, OR) as per manufacturer's instructions. Hydrogen peroxide is derived from the action of the enzyme superoxide dismutase on NOX-generated superoxide, and PMA is a known stimulator of NOX2 activity (27) . To measure basal hydrogen peroxide concentrations, the SV cells from chow-fed female WT and P47KO mice were washed twice in Ringer's solution and plated (20,000 cells/well) in triplicate into wells of a 96-well plate containing 50 l of Amplex Red reaction buffer (50 M Amplex red, 0.1 U/ml horseradish peroxidase) and incubated at 37°C continuously for 45 min. Absorbance readings at 560 nm were taken at 15 min intervals, and the amount of hydrogen peroxide produced (M) was plotted against incubation time. SV cells (20,000 cells) were also incubated with Amplex Red reaction buffer with, or without, PMA (12.5 ng/ml) at 37°C for 15 min. Data were expressed as amount of hydrogen peroxide produced (M), corrected for nonspecific hydrogen peroxide production by subtracting experimental values from values obtained from control wells not containing PMA. Similar results were obtained in a repeat experiment performed in triplicate.
Statistical analysis. Data are presented as means Ϯ SE. Two-way analysis of variance (ANOVA) was used to test overall mean differences based on genotype (WT vs. P47KO), diet (AIN-93G vs. HFD), or genotype ϫ diet interactions with data from each sex analyzed separately. Post hoc comparisons of means were performed by an all-pair-wise Student-Newman-Keuls comparison test and considered significant if P Յ 0.05. Statistical analysis was performed using SigmaStat 3.3 software (Systat Software, San Jose, CA). The equality of the average distributions of adipocytes area were compared between experimental groups using Kolmogorov-Smirnov tests and exact P values computed (8) . Statistical significance was designated as P Ͻ 0.05. 
. NMR analysis of % fat mass in WT or P47KO mice fed AIN-93G or HFD. Data are presented as means Ϯ SE for n ϭ 10/group. Means with different letters are statistically different for diet within genotype by 2-way ANOVA followed by Student-Newman-Keuls post hoc analysis P Ͻ 0.05; a Ͻ b. Means with different symbols are statistically different for genotype within each diet group P Ͻ 0.05; * Ͻ # by 2-way ANOVA followed by StudentNewman-Keuls post hoc analysis P Ͻ 0.05.
RESULTS
Absence of p47
phox results in reduced ROS production in SV cells isolated from fat pads. P47KO mice are a well-characterized global knockout model in which NOX2-dependent ROS production is abolished in all tissues (20, 39) . SV cells from fat pads of P47KO mice had significantly lower basal production of hydrogen peroxide (resulting from the action of superoxide dismutase on NOX-generated superoxide) as measured using Amplex red than did SV cells isolated from WT mice (P Ͻ 0.05) (Fig. 1A ). In addition, hydrogen peroxide production in response to treatment with the NOX2 activator PMA was significantly lower in P47KO compared with WT cells (P Ͻ 0.05) (Fig. 1B) .
Absence of p47 phox alters growth and body composition responses of mice to high-fat feeding in a sexually dimorphic fashion. After correction for body weight, no significant effects were observed on food intake in mice of either sex during the course of the study (Table 2 ). In contrast, both diet and genotype effects were observed on body weight, weight gain, and body composition. WT male mice weighed slightly less than P47KO males at weaning, and this difference in absolute body weight was maintained throughout the study (P Ͻ 0.05 by two-way ANOVA). P47KO AIN-93G males were heavier than WT AIN93G males at death (P Ͻ 0.05). Both genotypes increased weight when fed HFD (P Ͻ 0.05) ( Table 2) . However, expressed as % weight gain, male WT mice gained more weight than P47KO males on either diet (P Ͻ 0.05), and high-fat feeding only increased weight gain significantly in the WT group (P Ͻ 0.05) ( Table 2 ). Both WT and P47KO mice increased abdominal fat pad weight in HFD compared with AIN-93G fed groups (Table 2 ). Histomorphometric analysis of adipocyte size in abdominal fat pads revealed that WT AIN-93G males had slightly larger adipocytes than P47KO AIN-93G males (mean size 3,000 -4,000 m 2 compared with 2,000 -2,500 m 2 ), and size distribution was skewed in favor of adipocytes Ͼ5,000 m 2 in male HFD groups of either genotype (Fig. 2) , but this did not reach statistical significance. When fat mass was measured as a % body weight by NMR, a significant increase was observed in WT HFD males compared with WT AIN-93G males (P Ͻ 0.05), but this increase did not achieve statistical significance in P47KO HFD males compared with P47KO AIN-93G (Fig. 3) . High-fat feeding also increased ectopic fat deposition in the liver of WT male mice. The WT HFD males had increased triglyceride content compared with the WT AIN-93G males (Table 3 ). In contrast, P47KO males had lower hepatic triglyceride content in both diet groups (P Ͻ 0.05).
Female P47KO HFD mice weighed less than WT HFD females (P Ͻ 0.05). P47KO females on both diets had lower % weight gain than WT females, and HFD increased weight gain in WT but not in P47KO females (P Ͻ 0.05) ( Table 2) . Moreover, P47KO females on both diets had reduced abdominal fat pad weights and lower whole body adiposity than WT females, and fat mass was not increased in the P47KO HFD group compared with P47KO female mice fed AIN-93G diets (P Ͻ 0.05) ( Table 2 , Fig. 3 ). Histomorphometric analysis of adipocyte size in these fat pads revealed that WT AIN-93G mice had a size distribution skewed toward larger adipocytes than P47KO AIN-93G mice (P Ͻ 0.001). Although adipocyte size was further increased in the female WT HFD group compared with the WT AIN-93G females and increased in male P47KO HFD mice compared with male P47KO AIN-93G mice (P Ͻ 0.001), there was no significant increase in adipocyte size in the female P47KO HFD group compared with the female P47KO AIN-93G group (Fig. 2) . When total body fat mass was measured as a % body weight by NMR, a significant increase was observed in WT HFD females compared with WT AIN-93G females (P Ͻ 0.05). In contrast, % fat mass was lower in P47KO female mice in both diet groups compared with WT females (P Ͻ 0.05) (Fig. 3) . High-fat feeding increased ectopic fat deposition in the liver of WT female mice. The WT HFD group had increased triglyceride content compared with the WT AIN-93G group (Table 3) . In contrast, like the P47KO males, P47KO females had lower hepatic triglyceride content in both diet groups (P Ͻ 0.05).
Effect of p47 phox genotype and high-fat feeding on serum parameters. Data for serum glucose, NEFA, triglycerides, insulin, leptin, and adiponectin are shown in Table 4 . High-fat feeding increased fasting serum glucose values (P Ͻ 0.05) in both WT male and female mice. In contrast, P47KO HFD males had serum glucose concentrations similar to the P47KO AIN-93G males, and P47KO HFD females had lower serum glucose than the female P47KO AIN-93G group (P Ͻ 0.05). Serum NEFA concentrations were slightly lower in P47KO males on either diet compared with WT males (P Ͻ 0.05), but no differences were found in female mice. Serum triglycerides were lower in WT HFD male mice compared with WT AIN-93G males but were much lower in P47KO mice of either sex on either diet (P Ͻ 0.05). Fasting serum insulin concentrations were similar in WT HFD and WT AIN-93G males but were lower in WT HFD females than WT AIN-93G females. P47KO male mice had higher serum insulin than WT males on either diet (P Ͻ 0.05). In contrast, P47KO females had insulin values similar to WT females on either diet. Serum leptin was lower in P47KO AIN-93G males compared with WT AIN-93G males, and serum adiponectin concentration was reduced in the P47KO HFD males compared with WT HFD males (P Ͻ 0.05). In contrast, both leptin and adiponectin were reduced in P47KO female mice of either sex on either diet (P Ͻ 0.05).
Effects of p47 phox genotype and high-fat feeding on energy metabolism and hepatic mitochondria. Indirect calorimetry was used to estimate substrate utilization (RER), heat or energy expenditure (EE), and cage activity levels for ϳ24 h in Phox mice. RER and EE were analyzed by PRCF analysis (2). Significant differences in both RER and EE were found between P47KO AIN-93G and P47KO HFD mice as shown by the EC50 values in Fig. 4, A and B . PRCF analysis showed lower RER in female P47KO AIN-93G mice compared with male P47KO:AIN-93G mice (P Ͻ 0.001), indicating increased fatty acid utilization but lower EE (P Ͻ 0.001). Both sexes responded to HFD by reducing RER and by increasing EE (P Ͻ 0.001). However, whereas fatty acid utilization appeared to be comparable in P47KO HFD mice of either sex, EE was increased considerably more by HFD in P47KO female mice than P47KO male mice (23% vs. 8%, P Ͻ 0.001). Total activity counts were not different between groups (data not shown). Using hepatic mitochondrial fractions, we found protein levels of all five mitochondrial respiratory complexes were increased in the livers of P47KO AIN-93G mice of both sexes relative to WT AIN-93G mice (P Ͻ 0.05). Respiratory complex expression was also higher in the female P47KO HFD group compared with the female P47KO AIN-93G group and compared with WT female mice fed either diet (P Ͻ 0.05). Figure 5 , A and C, shows representative Western blots of the five complexes in the male and female groups respectively. Quantitation of protein expression is presented in Fig. 5, B and D. Analysis of mtTFAM mRNA expression as a marker of mitochondrial number demonstrated increased expression in female P47KO mice fed either diet relative to WT females (P Ͻ 0.01) (Fig. 6A) . However, no differences in mtTFAM mRNA were observed in P47KO male mice. In addition, expression of the mRNA encoding liver mitochondrial uncoupling protein UCP-2 was increased in P47KO AIN-93G females compared with WT AIN-93G females and in both female HFD groups compared with WT AIN-93G females (P Ͻ 0.05) (Fig. 6B) . No differences were observed in UCP-2 mRNA expression in male P47KO mice compared with male WT mice. Interestingly, expression of hepatic PGC-1a mRNA was unchanged in female P47KO mice compared with WT female mice on either diet, and in males both HFD feeding and P47KO resulted in significantly reduced levels of PGC-1a mRNA (Fig. 6C) . Since respiration in tissues other than liver may also significantly contribute to differences in whole body energy metabolism, we also measured expression of mRNA coding for the uncoupling protein UCP-1 in brown adipose tissue of untreated WT and P47KO mice at age 6 wk. Relative expression of UCP-1 mRNA was increased in P47KO mice of both sexes: 11.7 Ϯ 2.2 and 11.2 Ϯ 0.4 vs. 5.1 Ϯ 0.6 and 7.0 Ϯ 0.3 in males and females, respectively.
Effects of p47
phox genotype and high-fat feeding on hepatic fatty acid synthesis and transport genes. Since P47KO mice of both sexes and on both diets had reduced hepatic triglyceride content relative to WT mice, we measured expression of hepatic genes previously shown to regulate do novo fatty acid synthesis and fatty acid import by real-time RT-PCR ( Table 3) . Expression of fatty acid synthase (FASN) mRNA was reduced in P47KO AIN-93G mice of both sexes relative to WT AIN-93G mice (P Ͻ 0.05). High-fat feeding reduced FASN mRNA expression in WT mice (P Ͻ 0.05) but failed to further reduce expression in the P47KO HFD groups over the P47KO AIN-93G groups. The effect of HFD in WT mice of both sexes was accompanied by decreased expression of mRNA encoding the transcription factor sterol regulatory element binding protein (SREBP-1c) (P Ͻ 0.05). In contrast, there was no consistent effect of the P47 phox genotype on SREBP-1c mRNA expression. mRNA expression for the fatty acid transporter CD36 (14) was upregulated (P Ͻ 0.05) by high-fat feeding in WT mice of both sexes. In contrast, CD36 mRNA was only upregulated by high-fat feeding in male P47KO mice (P Ͻ 0.05).
P47 phox genotype alters gene expression pattern and whole genome response to high-fat feeding in female mouse adipose tissue. Since female P47KO mice had the most significantly altered body composition compared with WT mice and were completely resistant to high fat feeding-induced obesity, we examined differences in gene expression profile in retroperitoneal fat pads from WT and P47KO females fed either AIN-93G or HFD diets using Affymetrix microarrays. The original .CEL files have been submitted to the National Center for Biotechnology Information Gene Expression Omnibus database and are accessible as series record GSE41932. The gene lists generated using a 1.5-fold cut-off are presented in Supplemental Tables S1-S4. 1 A summary of the data is presented in Fig. 7 (Venn diagrams) and Fig. 8 (hierarchical clustering and heat maps for genes involved in lipid and carbohydrate metabolism). We found 102 genes expressed more highly in the P47KO AIN93G group than in the WT AIN-93G group and 134 genes expressed at a lower level in the P47KO AIN-93G group than the WT AIN-93G group (Fig. 8) . Functional annotation clustering by DAVID revealed lower expression of gene clusters linked to energy metabolism and its regulation in P47KO AIN-93G females including genes associated with insulin signaling, MAP kinase signaling, and glycolysis/gluconeogenesis (Table 5) .
Analysis of the hierarchical cluster linked to carbohydrate metabolism in P47KO vs. WT AIN-93G-fed mice revealed decreased expression of enzymes in the glycolysis/glucokinase pathway including hexokinase (Hk2), enolase (Eno1), and 1 The online version of this article contains supplemental material. 
P47
phox Ϫ/Ϫ MICE ARE PROTECTED AGAINST THE EFFECTS OF HIGH-FAT DIET phosphoglycerate kinase (pgk1); decreased expression of genes in the citric acid cycle including succinate dehydrogenase (sdha) and ATP citrate lyase (Acly); and decreased acyl CoA synthases (Acss, Acsm, Acsl). The most significantly elevated genes in this cluster in the female P47KO mice were phosphoenolpyruvate carboxykinase (pck1), the rate-limiting enzyme in gluconeogenesis (42), a member of the medium chain acyl CoA synthase family (Ascm5), a member of the acyl CoA synthase bubblegum family (Acsbg1), cytochrome P450 reductase (Fdx1), and aldehyde dehydrogenases in families 1 and 18 involved in metabolism of retinoids and synthesis of proline (44) (Fig. 8) .
Closer examination of the hierarchical cluster linked to lipid metabolism in P47KO vs. WT AIN-93G-fed mice revealed loss of expression of Ncf1 (p47 phox ), itself confirming the mouse genotype, decreased fatty acid elongase (Elov), decreased acylCoA thiolase (Acot), glycerophosphate dehydrogenase (Gpd), and fatty acid transporter carnitine phosphatidyl transferase 1b (Cpt1b) (24) . The response of adipose tissue to high-fat feeding in female WT mice was upregulation of 158 genes and downregulation of 75 genes, while that of female P47KO mice was upregulation of 61 genes and downregulation of 23 (Fig. 7) . However, when gene expression of the female P47KO HFD and WT HFD groups was compared, 1,685 genes were expressed more highly and 833 genes were expressed at a lower level in the P47KO HFD mice (P Ͻ 0.05, Ϯ 1.5-fold). This indicates that the female adipose tissue response to highfat feeding differed substantially by genotype and many genes were regulated in opposite directions. Indeed, when the gene expression pattern in WT HFD and P47KO HFD mice was Continued compared with the pattern in WT AIN-93G mice, the overlap was only 26 out of 233 genes in the WT HFD group and out of 729 genes in the P47KO HFD group (Figs. 7, 8 ). DAVID analysis indicates that genes regulating unsaturated fatty acid synthesis were downregulated by HFD in WT but upregulated by HFD in P47KO mice. In addition, genes in the pentose phosphate pathway were more highly expressed in WT HFD than P47KO HFD mice (Table 5) . Further examination of the hierarchical cluster linked to carbohydrate metabolism indicated that a number of adipose tissue genes strongly upregulated by HFD in WT mice were strongly downregulated in P47KO mice. These included pck1, phosphofructokinase (Pfkb3, Pfkp), triose phosphate isomerase (Tpi 1), acylphosphatase (Acyp2), and acyl CoA synthase (Acs1, Acs3) (Fig. 8) . Likewise, in the lipid metabolism cluster, leptin (lep), lysophosphosphatidylglycerol acyltransferase (Lpgat1), lipoprotein lipase (Lpl), and the fatty acid transporter CD36 mRNAs were all highly upregulated by HFD in WT mice but were downregulated by HFD in female P47KO mice (Fig. 8) . GO analysis revealed that one major pathway that differed between WT HFD and P47KO HFD groups was that involved in differentiation of mesenchymal stem cells into adipocytes or into osteoblast cells (Fig. 9) . In P47KO HFD mice, expression of mRNA encoding the transcription factor PPAR␥, which positively regulates adipocyte differentiation (4), was significantly lower than in WT HFD mice. This was accompanied by reduced expression of leptin, a marker of differentiated adipocytes (Fig. 9) . In contrast, mRNA encoding the transcription factor Runx2, which inhibits adipocyte differentiation and promotes stem cell differentiation into the osteoblast lineage (4) , was expressed at a significantly higher level in adipose tissue from P47KO HFD mice than in adipose tissue from WT HFD mice (Fig. 9) . In addition, other pro-osteoblastic genes, Ihh (Indian hedgehog) (10) and four-and-a half LIM 2 (Fhl2) (9, 16) , were elevated in the P47KO HFD group compared with the WT:HFD group. Gja1 (gap junction protein alpha 1, connexin 36), another regulator of osteoblast development (3, 22) , was also elevated in the P47KO HFD group (Fig. 10) . We confirmed the reduced expression of mRNAs for LPL, CD36, and PPAR␥ and increased expression of Runx2 mRNA in female but not male abdominal fat pads from P47KO AIN-93G and P47KO HFD mice compared with WT AIN-93G and WT HFD mice by real-time RT-PCR analysis (Fig. 11) . In addition, reduced expression of LPL, CD36, and PPAR␥ in adipose tissue from P47KO HFD females compared with WT:HFD females was confirmed at the protein level by Western immunoblot analysis of whole cell homogenates from gonadal fat pads (Fig. 12) . In contrast, only expression of CD36 protein was significantly lower in gonadal fat pads from male P47KO HFD mice compared with male WT HFD mice (Fig. 12) .
Ex vivo adipogenesis is suppressed significantly more by 17␤-estradiol treatment in cells derived from female P47KO mice than in cells derived from female WT mice. SV cells (preadipocytes) isolated from the retroperitoneal abdominal fat pads of untreated WT and P47KO mice at age 6 wk were differentiated into adipocytes ex vivo in the presence or absence of 1 nM 17␤-estradiol (E2). Differentiated adipocytes identified by oil red O staining of accumulated triglyceride were counted and representative staining in cells from WT and P47KO female mice are shown in Fig. 9 , A-F. Quantification of triplicate cultures is shown in Fig. 9G . In the absence of E2, adipogenesis occurred at similar rates in cells from both WT and P47KO mice. Moreover, in SV cells derived from either sex and from both genotypes, E2 treatment suppressed adipogenesis (P Ͻ 0.05). E2 suppressed adipogenesis to the same extent in cells from WT and P47KO males. However, in cells derived from female mice, E2 suppressed adipogenesis significantly more in cells from P47KO mice than in cells derived from WT mice (P Ͻ 0.05). Cells from P47KO mice expressed higher levels of mRNA encoding the antiadipogenic factor preadipocyte factor-1 (Pref-1) than cells from WT mice of either sex (P Ͻ 0.05). In addition, E2 treatment increased Pref-1 mRNA expression more in cells from P47KO mice then in cells from WT mice (P Ͻ 0.05) (Fig. 9H) .
DISCUSSION
In this study, we show that loss of p47 phox results in a sexually dimorphic alteration in metabolic homeostasis. Since p47 phox is an essential cofactor required for NOX2, these effects are assumed to be related to reductions in NOX2- associated ROS production. Both male and female P47KO mice were resistant to development of HFD-induced hyperglycemia and hepatic steatosis. However, female P47KO mice had significantly lower adipocyte size and decreased latent adipose tissue accumulation and were resistant to diet-induced obesity. These sexually dimorphic effects involving presence or absence of NOX2 signaling may have important implications for interventions in obesity. P47KO mice fed AIN-93G diets were slightly heavier than WT mice at weaning, but male P47KO mice gained slightly less weight during the 13 wk feeding period without a difference in total body % fat mass. In contrast, P47KO female mice gained much less weight than WT females and were significantly leaner. Challenge with HFD diets resulted in obesity in WT mice of both sexes, and whereas there was a marginal reduction in adiposity in HFD P47KO males compared with HFD WT males, P47KO females were completely resistant to both the obesogenic effects of HFD. This P47KO body fat mass phenotype was independent of changes in food intake, despite dramatic decreases in serum leptin concentrations that might be expected to stimulate appetite. It has been suggested that ROS production in the hypothalamus is critical for appetite regulation (12) , and a potential role for NOX2 in this process remains a subject for future investigations.
Rather than the result of changes in caloric intake, our data are consistent with increased uncoupled respiration, decreases in energy efficiency, reduced capacity of adipose tissue to take up circulating fatty acids, and suppressed adipose tissue differentiation as potential mechanisms underlying the dramatic body composition differences between female P47KO and WT mice. Comparison of energy metabolism in male and female P47KO mice by indirect calorimetry revealed an underutilization of carbohydrates by P47KO females when fed highcarbohydrate diets, which could contribute to reduced energy efficiency. Consistent with whole body energy metabolism data, gene arrays in adipose demonstrated lower expression glycolysis and citric acid cycle genes and increased expression of Pck1 consistent with elevated gluconeogenesis by P47KO females. RER data suggest that, after HFD feeding, both male and female P47KO mice demonstrated a similar degree of metabolic flexibility in switching to utilization of fatty acids. However, female P47KO HFD mice had a greater increase in EE relative to WT HFD females compared with the effect of genotype in HFD males, consistent with the increased uncoupling of hepatic respiration indicated by increased expression of UCP-2 mRNA. Both sexes of P47KO mice exhibited increased expression of UCP-1 mRNA in brown adipose tissue, suggesting tissue-specific effects of the P47KO genotype on respiratory uncoupling. Moreover, analysis of expression of respiratory complexes suggests that female P47KO mice had a much greater increase in mitochondrial respiration in response to HFD than that seen in P47KO males or in WT female mice, and increased expression of mTfAM mRNA suggests an additional significant increase in mitochondrial number. However, possible changes in mitogenesis appear to be independent of increases in expression of PGC-1␣. A complete understanding of how NOX2-dependent ROS signaling regulates pathways of carbohydrate and fat metabolism, mitochondrial respiration, and uncoupling in liver, skeletal muscle, and fat will require direct measures of respiratory rates in vivo and in vitro and additional analysis of mRNA and protein expression. This remains the important subject of additional studies.
Increases in uncoupled respiration could significantly contribute to the improved metabolic and biochemical outcomes after HFD including protection against development of hyperglycemia, reductions in serum triglycerides, and protection against development of hepatic steatosis. Previous studies have also demonstrated protection against HFD-induced systemic insulin resistance in male P47KO mice (43) . However, in the case of steatosis, other factors also appear to play a role. Both male and female P47KO HFD mice were equally resistant to HFD-induced accumulation of hepatic triglycerides. Moreover, both sexes of P47KO mice had significantly reduced hepatic fatty acid synthesis as indicated by reduced expression of FASN mRNA. Molecular mechanisms underlying this effect require further investigation but appear not to involve differences in signaling through SREBP-1c. In female P47KO mice, in addition, there appears to be an impairment of HFD effects on fatty acid transport since HFD-induction of CD36 mRNA was also impaired. Our data are consistent with a recent study demonstrating protection of P47KO mice against the development of hepatic steatosis produced by alcohol treatment (20) . Interestingly, in that study the protection afforded by p47 phox deficiency was associated with p47 phox expression in liver parenchymal cells rather than in nonparenchymal cells such as Kupffer cells or liver macrophages. It remains to be seen if the same is true in regards to HFD-driven steatosis. However, as in the current study, protection against development of alcoholic steatosis was linked to effects on fatty acid synthesis and FASN expression (20) .
Both control and HFD-fed P47KO female mice had reduced % total body fat mass, fat pad weight, and adipose cell size compared with WT females. Some of the sexually dimorphic effects of p47 phox absence on adipocyte hypertrophy appeared to be associated with reduced uptake of fatty acids. Both LPL, which is involved in hydrolysis of serum triglycerides to fatty acids for adipocyte uptake (45) , and CD36, which transports free fatty acids into adipocytes (35) , were suppressed at the mRNA and protein level. Both enzymes are downstream targets of the transcription factor PPAR␥ (35, 46) . Suppression of PPAR␥ mRNA (and PPAR␥ protein) and of leptin expression in female P47KO mice indicates reduced adipocyte differentiation accompanied by evidence of enhanced MSC differentiation in favor of the osteoblast lineage (increased Runx2, Ihh, and Flm2 mRNAs). Our ex vivo adipogenesis experiments with adipose tissuederived SV cells support the hypothesis that differentiation of preadipocytes is regulated by NOX2-dependent ROS signaling and negative cross talk between NOX2 signaling and E2 signaling pathways. We have previously reported negative cross talk between NOX-mediated ROS signaling and estrogen receptor signaling in osteoblasts (5) . In SV cells from female mice, E2 suppression of adipogenesis was significantly en- hanced by in the P47KO mice consistent with the obesity resistant phenotype of these mice in vivo. Interestingly, inhibition of adipogenesis was correlated with increased E2 induction of the antiadipogenic factor Pref-1, which is upstream of PPAR␥ in adipocyte differentiation (39a, 41) (Fig. 9) . In the absence of E2, there was no difference in adipogenesis of SV cells derived from WT and P47KO mice. This is consistent with the lack of protection against HFD-driven obesity in male mice where E2 levels are low. However, the molecular mechanisms underlying the effects of E2 and ROS on adipogenesis are complex, and further work is required for a complete understanding of these pathways.
ROS signaling has previously been linked to adipocyte differentiation from mesenchymal stem cells (MSCs) in vitro. Kanda et al. (13) reported ROS formation during insulininduced differentiation of 10T1/2 cells into adipocytes and blockage of adipocyte differentiation of both 10T1/2 cells and primary rat bone marrow-derived MSCs by the antioxidant N-acetylcysteine. Moreover, these authors and Schroeder et al. (36) ascribed the ROS production in MSCs and preadiocytes to NOX activity. However, the NOX they identified as the driver of adipogenesis was NOX4 not NOX2. The presence of multiple NOX enzymes (NOX1, NOX2, and NOX4) has previously been described in preadipocytes and mature adipocytes (13, 23, 36) . However, the interaction between different NOX regulated ROS pathways in the same cell appears to be complex. Some authors have suggested that constitutively active NOX4 acts as an oxygen sensor and that NOX4-mediated ROS signaling results in downstream activation of NOX1 and NOX2 and amplification of the ROS signal through recruitment of the cytosolic phox activator proteins and the Rac1 GTPase (29) . Moreover, there is evidence in some cell types, such as preosteoclasts and chondrocytes, that multiple NOX enzymes can compensate for each other in the same pathway (15, 33) . However, in other cells, NOX4 and NOX2 appear to regulate separate pathways via different sets of MAP kinases (1) . Recent studies of male NOX4-deficient mice in vivo have demonstrated a phenotype contradictory to in vitro studies of insulin-dependent adipogenesis. These mice are highly susceptible to high fat-driven obesity and steatosis and have reduced adipocyte differentiation and increased energy efficiency (21) . This phenotype is the opposite of that displayed by female p47phox knockout mice in the current study. These data suggest that NOX4 and NOX2 ROS signals may have opposite actions on the same pathways regulating energy homeostasis and adipocyte differentiation.
In summary, this study examined the consequence of loss of NOX2-dependent ROS production on body composition and whole body metabolic and energy homeostasis indirectly by determining the phenotype of mice lacking p47 phox , an essential cytosolic NOX2 activator protein. The results demonstrate that loss of p47 phox triggers a complex metabolic and sexually dimorphic phenotype with female predominant reduction of adipose tissue hypertrophy and resistance to HFD-induced obesity. These data are consistent with a role for ROS signaling in maintenance of whole body energy homeostasis but suggest that the interaction of NOX2 and NOX4-dependent ROS pathways in this phenomenon is complex and appears antagonistic. Greater understanding of the ROS signaling pathways regulating adipogenesis and adipose tissue hypertrophy may also result in identification of novel molecular targets for obesity prevention and anti-obesity therapies.
